The number of mesenchymal cells, as well as their ability to synthesize extracellular matrix (ECM) components, greatly increase in the interstitium of fibrotic lungs. We have previously shown that the transcription of type I procollagen and fibronectin genes in the lungs is preferentially elevated during the early stages of bleomycin-induced pulmonary fibrosis (Raghow, R., S. Lurie, J. M. Seyer, and A. H. Kang. 1985. J. Clin. Invest. 76:1734-1739. Since a cytokine-like transforming growth factor , (TGFj#) that is capable of enhancing mesenchymal cell proliferation and ECM synthesis could be potentially involved in this process, we investigated the temporal relationship between the regulation of TGF() gene transcription and cellular proliferation in the bleomycin-treated hamster lungs. We observed a transient 5-7-fold increase in the accumulation of TGF,8 transcripts, a concomitant 34-fold elevation in the cellular proliferation, and 8-10-fold stimulation of DNA synthesis in these lungs; all three parameters peaked around day 10 after bleomycin administration. Based on these results, we conclude that regulation of TGFI gene expression may contribute significantly to the early events that lead to bleomycin-induced pulmonary fibrosis.
Introduction
Pulmonary fibrosis, regardless of its etiology, is characterized by increased accumulation of cells and excessive synthesis and deposition of the various extracellular matrix (ECM)' components (1) . The biochemical changes in the metabolism of the collagenous and noncollagenous constituents of fibrotic lungs have been extensively investigated using a number of experimental models ofpulmonary fibrosis (2) (3) (4) (5) (6) (7) (8) (9) (10) . Increased synthesis and accumulation oftype I collagen has been unequivocally demonstrated in experimentally induced fibrotic lungs of hamsters, mice, and rabbits, as well as in those of humans suffering from idiopathic pulmonary fibrosis (2, 3, 10) . Thus, recent studies also provided evidence for increased rate of transcription of genes encoding collagens (type I and III) and fibronectin in the lungs of bleomycin-treated animals (9, 1 1). Neither of these studies formally ruled out the involvement of posttranscriptional regulation (e.g., increased stability of mRNAs or preferential increase in the rate of translation of ECM proteins), and apparent discrepancy between the observed accumulation of ECM proteins and the relative changes in the rate of transcription of their corresponding genes suggests that such posttranscriptional regulatory mechanisms may also be involved in this process.
Although the molecular mechanisms of the altered regulation of ECM genes in lungs undergoing fibrosis are incompletely understood, it is generally thought that a variety of cytokines elaborated by the inflammatory cells recruited in response to tissue injury play a central role in this process. For example, a cytokine-like transforming growth factor ,3 (TGF, 3) is capable of profoundly influencing the biology and ECM phenotype (especially their ability to synthesize collagen and fibronectin) of mesenchymal cells (12) (13) (14) (15) (16) . Expression of collagen and fibronectin genes by TGF3 has been shown to be modulated by a complex interplay oftranscriptional and posttranscriptional mechanisms (14) (15) (16) (17) (18) . In addition to elevating the expression of ECM genes, TGFB is also a potent chemotactic agent for monocytes and fibroblasts (12, 19) , as well as a positive modulator of fibroblast proliferation (14) . The dramatic fibrotic response to intradermal injection of small amounts of TGF,3 in the newborn mice attests to the possibility that TGF,3 may be one of the key cytokines involved in the cascade of events that leads to fibrosis in vivo (12) 
Methods
Bleomycin treatment. Bleomycin sulfate (Blenoxane R) was a gift from Bristol Laboratories, Syracuse, NY. The detailed methods for the endotracheal instillation of bleomycin (prepared in sterile saline solution) in the lungs of hamsters have been described previously (9) and were used without any modifications. Pathogen-free Syrian golden hamsters were brought from Charles River Breeding Laboratories, Inc. (Wilmington, MA).
Histology, [3H]thymidine incorporation and autoradiography of lung sections. At various intervals after bleomycin treatment, a group of five animals and saline-treated controls were anesthetized by intraperitoneal injection of sodium pentabarbital (0.3 ml; 50 mg/ml stock solution). The trachea, lungs, and heart were removed and rinsed with PBS. The right inferior lobe from each lung was cut into four equalsized sections, and the superior-and inferior-most corners of the lung were discarded. Tissue slices of lungs were incubated at 370C in [3H]-thymidine containing medium (2.5 ml of DME supplemented with 10% FCS and 2.5 MCi of [3H]thymidine). After radiolabeling for 4 h, lung tissues were either prepared for autoradiography or processed for determination of 3H-incorporation by scintillation counter. TCA-precipitable incorporation of [3H]thymidine was determined by homogenizing the tissue slices in 5% TCA (vol/vol), washing in 95% ethanol, and counting by scintillation spectrometry (22) . Fixed tissue (4% paraformaldehyde in PBS) was dehydrated in graded ethanol series and embedded in paraffin. Tissue sections (5 gm thick) were attached to glass coverslips, deparaffinized with xylene, dried, and dehydrated. The dried tissue sections were coated with nuclear track emulsion (NTB-3; Eastman Kodak Co., Rochester, NY), prepared by mixing the melted emulsion with equal volume of 600 MiM ammonium acetate solution. The emulsion-coated coverslips were air dried for 1 h, packaged in a light-tight box, and stored dried at 4VC for 1-2 wk. Coverslips were then developed with D-19 (Eastman Kodak Co.) developer (4 min at 23°C), rinsed in tap water, and were fixed with Kodak rapid fix. After washing in running tap water for 15 min, sections were dried and stained with hemotoxylin-eosin stain. The autoradiographic procedures have been described in our previously published work (22) .
For quantitative analysis of the labeling index data, 50 consecutive high power fields were examined to analyze 10-Mm2 area each, representing a total of -15,000 cells. A cell containing > 20 silver grains was counted as positive and data were expressed as the number of radiolabeled nuclei per square millimeter.
Extraction of RNA, oligo-(dT)-cellulose chromatography, and hybridization analysis. Total RNA from the lungs of bleomycin or PBSinstilled hamsters was extracted by guanidine thiocyanate solubilization of rinsed lung tissue and centrifugation of the extract through a cushion of 5.7 M CsCl (23). The total RNA was fractionated into poly A-and poly A+ fractions by oligo-(dT)-cellulose columns (24) . Aliquots of serial dilution of either total, poly A-, or poly A+ RNA were immobilized on nitrocellulose filters using the slot-blot apparatus (Schleicher & Schuell, Inc., Keene, NH). Nick-translated plasmids containing the cDNA of either human TGFB (25) or chicken fl-actin (26) were used to probe the steady-state levels ofthe respective mRNAs in these samples. Detailed protocols for the preparation of RNA samples, oligo-(dT)-cellulose chromatography, preparation of radiolabeled probes, and hybridization analyses have been described (9, 15, 22, 27, 28) .
Run-off transcription assays. Nuclei (representing 100-150 ,g of DNA) from either saline or bleomycin-treated lungs were incubated in a 100-Ml reaction mix that contained 10% glycerol, 50 mM Tris-HCl, radioactivity. An aliquot of nuclei was also incubated with a-amanitin (80 uM) to determine the specificity of RNA polymerase Il-mediated transcription. Radiolabeled (29), tested for the presence of correctsized insert, and used after nick-translation as described previously (27) . The only modification introduced to previously published protocols was the use of nick-translation kit (Bethesda Research Laboratories, Gaithersburg, MD).
Results
DNA synthesis and cell proliferation. Explant cultures from lungs, either PBS-control or after endotracheal bleomycin treatment, were subjected to two types of analysis to evaluate the potential changes in the cellular proliferation; these included examinations of the mitotic activity by autoradiography of tissue sections and measurement of the uptake of [3H]-thymidine into acid-precipitable fraction in lung slices. For direct visualization of mitotic activity the bleomycin-treated lung sections were autoradiographed after labeling lung slices with [3H]thymidine. The number of radiolabeled cells containing > 20 silver grains per nucleus were counted as positive; the number of radiolabeled cells varied little in the lungs of untreated animals at various times after treatment. The number of radiolabeled nuclei in the untreated lungs ranged between 3 and 7/mm2 of the tissue sections examined over a course of 4 wk after saline instillation; the average number of radiolabeled cells was 4.2/mm2 based on quantitation of 250 random sections (data not shown). In contrast, in the bleomycin-treated lungs the number of cells undergoing mitosis, as determined by the criteria established in Methods, increased two-to threefold between day 4 and 6 after bleomycin treatment. The number of radiolabeled cells peaked at day 8, at which time there were approximately fourfold more numerous radiolabeled cells in bleomycin-treated lungs compared with their untreated counterparts (Fig. 1) . Although the number of radiolabeled cells in the bleomycin-treated lungs declined after 2 wk after the treatment, the number of cells with < 20 grains continued to remain higher (twofold) in bleomycin-treated lungs at all times until the conclusion ofthis study at 4 wk (Fig.  1) . It is ofinterest to point out that the relative numbers ofcells showing < 20 grains/nucleus were preferentially located in the subpleural areas of the lung (data not shown); the significance of this finding is currently unknown.
Although we attempted to identify the cell types engaged in DNA synthesis as judged by autoradiography, these data should be considered tentative since tissue preservation was not uniform to allow the acquisition ofrigorous morphological information to pinpoint cellular identity. We broadly categorized the radiolabeled cells into interstitial, endothelial, and epithelial cell types. While the direct visualization and quantitation of radiolabeled cells by the histological-autoradiographic method revealed a temporal pattern suggesting a significant change in the mitotic behavior of cells in bleomycin-treated lungs, this technique was somewhat subjective since it was difficult to have completely random sampling due to uneven tissue preservation and qualitative variation in the autoradiographic techniques. Therefore, we attempted to corroborate these data by an alternative method. The lung explants from animals killed at various intervals after bleomycin treatment were incubated in [3H]thymidine-containing medium and the TCA-precipitable radioactivity was determined directly in a scintillation spectrometer. The incorporation of [3H]thymidine into TCAinsoluble fraction, normalized against total DNA, was determined. Similar data were obtained at all time intervals from the lungs of PBS-control hamsters and the relative change in the TCA-precipitable [3H]thymidine incorporation was plotted ( Fig. 2) . At the time of maximum response, there was nearly eightfold greater incorporation of [3H]thymidine in bleomycin-treated lungs at day 10. Although the rate of DNA synthesis declined subsequently, it remained higher in the bleomycin-treated lungs at all times until the conclusion of this study at 4 wk (Fig. 2 ). It appears therefore that the overall (Fig. 1) Temporal changes in the content of TGF3 mRNA and transcription of TGF3 gene in bleomycin-treated lungs. In order to determine the changing dynamics of TGF/3 mRNA in bleomycin-treated lungs, 20 gg of total RNA from either saline-treated or experimental lungs was size-fractionated and analyzed by Northern hybridization. Fig. 3 depicts the ethidium bromide-stained agarose gel and the pattern of hybridization to the radiolabeled cDNA probes. Sequential Northern hybridization of blots to TGFB and ,-actin probes revealed -2.6 kb and -2.1 kb transcripts, respectively (Fig. 3) . Although the quantitative pattern of how these two mRNAs are regulated in bleomycin-treated lungs cannot be fully appre- ciated from a single-time exposure of the Northern blots presented in Fig. 3, a transient Fig. 4 , densitometric quantitation of the hybridization data reveal that there was approximately sixfold greater accumulation of TGF,# mRNA in bleomycin-treated lungs at the peak time (day 8). The relative steady-state levels of TGFB mRNAs varied between four-to sevenfold in lungs 8 d after bleomycin treatment in three different experiments (data not shown). Steady-state levels of TGF/3 transcripts declined thereafter and returned to levels found in PBS-control lungs (Fig. 4) .
Content of TGF,# transcripts in saline-treated lungs over a 28-d period (duration of the experiment) was found to remain relatively constant; 10-20% variation between samples was routinely observed (data not shown). To test if these changes specifically reflected perturbations in the steady-state levels of TGF# mRNA or were a generalized response of the synthetic capacity of the lungs after bleomycin treatment, these blots were washed and reprobed with ,3-actin cDNA. Quantitative analyses of the relative signal density of #l-actin mRNA levels suggested that there was a twofold increase in the steady-state level of this ubiquitous RNA in bleomycin-treated lungs between 7 and 10 d (data not shown). The increase in the f3-actin mRNA levels observed in the present set of experiments was similar quantitatively with such changes observed previously (9) . The increased accumulation of ,3 actin-specific mRNA sequences may reflect a generalized increase in the accumulation of total RNA. We and others have previously observed significantly increased (approximately twofold greater than saline controls) accumulation and/or synthesis of RNA in bleomycin-treated cells (9) (10) (11) Nuclei prepared from lungs of control (0.5 ml of saline) administered endotracheally or treated (1 U of bleomycin in 0.5 of saline instilled as in the control) were incubated in a reaction mix containing all ingredients for run-off transcription. In vitro elongated radiolabeled transcripts (1-2 X 107) from each sample were hybridized to nitrocellulose-bound 5 ,g of linearized plasmid DNA. Methods for run-off transcription, hybridization, and quantitation by scintillation spectrometry have been described in detail previously (9 Thus, in addition to promoting expression of ECM-related genes, TGFB can increase the rate of deposition of newly synthesized ECM by modulating the pericellular proteolysis (37). The present study was undertaken to investigate the potential changes in the TGF, gene expression in the lungs of hamsters after administration of a single endotracheal dose of bleomycin. Our results clearly indicate a significant temporal increase in the steady-state accumulation of TGFf3 transcripts during the inflammatory phase of pulmonary fibrosis. The time of maximum increase in the TGFf-specific transcripts in bleomycin-treated lungs coincided with an increase in the steady-state accumulation of ECM-related transcripts as shown previously (9) . Furthermore, a similar relationship was also apparent between the steady-state accumulation of TGF# mRNA and the temporal profile representing the rate of cellular DNA synthesis in the bleomycin-treated lungs. While we did not precisely identify the cell types engaged in DNA synthesis and proliferation, it was evident that all three broad categories of cells (e.g., epithelial, endothelial, and interstitial) were involved. However, the predominant proliferating cell type appeared to be the interstitial cells. Although the precise significance of this observation remains speculative, we hypothesize that there is a causal relationship between the rates of cellular DNA synthesis (and cellular proliferation), increased transcription of collagen and fibronectin genes, and TGFB gene expression. Although there is apparent qualitative similarity in the profiles of cellular proliferation measured directly (autoradiography) and indirectly (TCA-precipitable [3H]thymidine incorporation), the present analyses fail to distinguish between the unscheduled DNA synthesis initiated as a result of bleomycin-induced DNA strand scission (39) 
